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SUMMARY

The effect of the Gd/Sn composition ratio of Cu2Sn1-xGdxS3 is examined. The films are fabricated on glass 

substrates in a sulfur atmosphere via the spin coating. The influence of the Gd/Sn composition ratio on 

the structural, morphological, optical, and electrical properties of the films is investigated using X-ray diffrac-

tion, FESEM, UV-Vis, and Hall effect. XRD patterns for the films revealed that all films have a monoclinic poly-

crystalline. The morphological and optical properties of the films show the formation of spherical grains and 

polygonal structures with an energy band in the range of 2.10–1.50 eV. The electrical properties of the films 

are changed by increasing the Gd/Sn composition ratio in the film. Furthermore, the Cu2Sn1-xGdxS3/CdS het-

erojunction solar cell was modeled by SCAPS-1D. The optimized conditions yielded exceptional photovoltaic 

parameters, achieving an open-circuit voltage of 0.7885 V, short circuit current density of 41.09 mA/cm2, fill 

factor of 85.30%, and an efficiency of 27.3%.

INTRODUCTION

The global demand for renewable energy has spurred significant 

interest in producing photovoltaic cells to convert solar energy 

into electricity. Lowering manufacturing costs and the weight 

of these modules is crucial to expediting installation. Regarding 

this matter, the leading polycrystalline thin-film solar cells, such 

as polycrystalline Cu(In, Ga)Se2 (CIGS) and CdTe, have exhibited 

impressive photovoltaic conversion efficiencies of 22.0% Cu(In, 

Ga)Se2 for small areas and 22.1% and have captured around 5% 

of the current world photovoltaic (PV) market, respectively.1,2

Nevertheless, the above-mentioned absorb layers include 

scarce elements (In, Ga, Se, and Te) and toxic elements (Te, 

Cd, and Se) that limit their future applications. Alternatively, the 

replacement of ‘‘Ga,’’ ‘‘Se,’’ and ‘‘In’’ by environmentally friendly, 

greatly plentiful, and low-cost elements such as ‘‘Zn,’’ ‘‘S,’’ and 

‘‘Sn’’ results in the improvement of a new and potentially useful 

absorber material, Cu2ZnSnS4.3 Even though Cu2ZnSnS4 solar 

cells exhibited a record conversion efficiency of 11% with a 

high open-circuit voltage (VOC),4 the fabrication of single-phase 

Cu2ZnSnS4 is challenging because of its complicated structure 

and phase diagram with a narrow window for a single-phase 

structure.

The critical challenges are detecting and suppressing second-

ary phases, including Cu–S, Sn–S, Zn–S, and Cu–Sn–S in ob-

tained Cu2ZnSnS4 films related to processing conditions. 

Several attempts have been made to eliminate these secondary 

phases through post-fabrication chemical etching procedures.5

The formation of single-phase CZTS was not obtained because 

chemical etching only removes secondary phases on the sur-

face, leaving those within the interior intact. Additionally, control-

ling the ‘‘Zn’’ composition during the fabrication of CZTS films is 

particularly challenging due to the higher vapor pressure of Zn 

compared to Cu, Sn, and S. Moreover, Zn-related defects are 

predominantly deep-level "killer defects," which significantly 

contribute to the poor performance of CZTS solar cells.6,7 Sec-

ondary phases can dramatically impact the photovoltaic de-

vice’s performance. If these phases consist of wide band gap 

materials, such as ZnS, they reduce the volume of the absorber 

layer with the ideal energy band gap for single-junction photovol-

taic cells. This reduction consequently leads to a decrease in 

short-circuit density (JSC). Additionally, ZnS, a secondary phase 

that is an n-type semiconductor, can form anywhere within the 

CZTS, hindering carrier transport and increasing recombination. 

Growing ternary Cu–Sn–S thin films, which do not contain Zn, is 

more straightforward in solving these difficulties. The control of 
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structure and defects in Cu–Sn–S samples is also easier than in 

CZTS, as Cu–Sn–S samples consist of only three elements.

In 1987, Kuku et al. reported the first CTS-based solar cell, 

achieving a conversion efficiency of 0.11% using a direct evap-

oration technique.8 CTS films can exist in various crystallite 

structures, including cubic, tetragonal, triclinic, and mono-

clinic.9–12 The tetragonal and cubic phases achieved the highest 

power conversion efficiencies (PCEs of 8% and 10%, respec-

tively, with 2500 nm optimum absorber layer thickness and 

charge carrier concentrations of 1018/cm3. In contrast, the ortho-

rhombic phase required a slightly thicker absorber layer of 

approximately 3000 nm, yielding a PCE of 12%.13 The different 

structures of ternary CTS films have been grown recently using 

a variety of fabrication techniques, including physical vapor 

deposition,14 a single-step electrochemical deposition pro-

cess,15 chemical bath deposition,10 ultrasonic spray pyrolysis,16

sputtering,17 and spin coating.11 Unlike other fabrication 

methods, spin-coating is particularly efficient because of its 

low cost, high fabrication rate, and different fabrication pro-

cesses, including film thickness and substrate temperature. 

Although the physical and chemical behaviors of Cu2SnS3 films 

have been investigated, the electrical properties and Solar Cell 

Capacitance Simulator (SCAPS-1D) calculations of Cu2Sn1- 

xGdxS3 films prepared via the spin-coating technique have not 

yet been comprehensively studied. Therefore, experimental 

and theoretical analyses are essential to better understand ga-

dolinium’s influence on the physical behavior of CTS film. There 

is a lack of sufficient knowledge regarding these effects on crys-

tallite parameters, energy band gap, and SCAPS-1D simulations 

of Cu2Sn1-xGdxS3 (where x = 0, 0.25, 0.50, and 0.75) samples 

were produced through spin-coating. The simulation tool em-

ployed in this study, SCAPS-1D, is a Windows-based applica-

tion developed at the University of Gent using LabWindows/ 

CVI from National Instruments. SCAPS-1D software was initially 

designed to model CdTe, CuInSe2, and CIGS thin film solar cells 

in one dimension.18 Its most helpful feature is its ability to 

compute AC and DC electrical characteristics under various light 

intensities and temperature conditions.19,20 The SCAPS pro-

gram can implement some special features, such as the simula-

tion of the impurity levels, interfaces of photovoltaic devices.21

To validate our model and explore the effects of different Gd 

doping on solar cell performance, we conducted calculations 

for both the Cu2SnS3 sample and Cu2Sn1-xGdxS3 (where x = 

0.25, 0.50, and 0.75) samples. Key parameters analyzed 

included the VOC, JSC, and FF.

However, there is limited literature on tuning the optical energy 

gap and enhancing the crystalline quality of Cu2SnS3 thin films. 

Recently, Umehara et al. synthesized cubic Cu2Sn0.85Ge0.17S3 

thin film, followed by a sulfurization process in the furnace. The 

partial substitution of Ge for Sn in CTS successfully tuned the en-

ergy gap between 0.93 eV and 1.02 eV and significantly 

enhanced the grain size of the thin film.13 Doping Cu2SnS3 with 

Ge is a promising approach to improve its efficiency and stability 

in photovoltaic devices. Ge modifies the electronic structure of 

the material and charge carrier concentration, thereby influ-

encing its overall semiconductor properties.22 This impressive 

study demonstrates a practical approach to enhancing the effi-

ciency of CTS solar cells by selecting appropriate dopant cations 

to tune the energy band and improve the crystalline quality of 

CTS thin films.

The Gd3+ ion has a larger ionic radius than Cu2+ and Sn4+ ions. 

Consequently, doping CTS with Gd is expected to facilitate 

forming a solid solution incorporating Gd3+, potentially leading 

to the development of Cu-Sn-S-Gd alloy or Cu2GdSnS3 thin 

films. Since Cu2SnS3 has optical energy band value of around 

0.95 eV for cubic structure, while Cd doped Cu2SnS3 thin film 

has optical energy band value of around 1.37 eV and Ge doped 

Cu2SnS3 thin film has optical energy band value of 1.23 eV, it is 

likely to gain the energy band value in the different range by 

doping.23,24 Doping Cu2SnS3 with Ge/Sn co-doping is a possible 

technique to enhance its stability and efficiency in performance 

in solar cell devices. Ge is known for modifying the physical 

properties of semiconductors by altering their charge carrier 

concentration and electronic structure.22

Additionally, in solution-processed thin films, Ge doping may 

impact the growth and morphology of the film, as well as its op-

toelectronic properties. The value of power conversion efficiency 

was improved by the adding of Na, Sb, and Na/Sb co-doping to 

the CTS absorber layer, from 0.32% for non-doped CTS 

to 0.76%, 1.54%, and 1.89 for co-doping, Na, and Sb doped 

CTS, respectively.25 In this context, examining the effect of 

different doping on the physical properties of sol-gel processed 

Cu2SnS3 thin films is crucial for understanding how to improve 

the working performance of Cu2SnS3-based thin-film solar cells. 

The present study investigates the effects of Gd concentration 

on the physical properties and solar cell parameters of Cu-Sn- 

S-Gd thin films for the fabrication of high-quality Gd3+ doped 

Cu2SnS3 films via spin coating followed by sulfurization in a 

quartz furnace. The work presented a powerful method to tune 

the energy gap of Cu2SnS3 thin films and a potential approach 

to improve the efficiency of Cu2GdSnS3 and Cu2SnS3 thin film 

solar cells.

Researchers have used chemical and physical deposition 

techniques for growing CTS samples related to different deposi-

tion parameters such as substrate temperature, film thickness, 

and annealing time. CTS films with low Cu concentration indi-

cated a suitable energy band gap value in solar cells with high 

crystallinity. All obtained CTS films displayed p-type electrical 

conductivity, decreasing resistivity as the Cu concentration 

increased in several CTS phases.26 Solar power conversion effi-

ciencies of 0.51% have been gained experimentally for mono-

clinic CTS solar cells after sulfurization for 10 min.27 The struc-

ture of Mo/CTS/CdS/i-ZnO/AZO/Al thin film solar cell also 

indicates an efficiency of 1.35% with the short circuit current 

density (JSC) of 28.3 mA/cm2, open circuit voltage (VOC) of 

147.5 mV, and fill factor (FF) of 32%.28 In addition, theoretical 

research suggests that CTS-based photovoltaic devices can 

achieve an efficiency of 17–20%.29,30 Monnaf et al. indicated 

that the structure of Ni/V2O5/Cu2SnSe3/In2S3/ITO/Al novel heter-

ostructure thin-film solar cell using the SCAPS-1D program sug-

gests the efficiency of up to 32.34% can be gained by the hole 

transport layer and electron transport layer combination of 

V2O5 and In2S3, respectively.31 Consequently, the full potential 

of CTS has not yet been explored for use in thin-film solar cells.

Studies on solar cells produced based on p-type CTS active 

layer are limited. Therefore, this study employs CTS samples 
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as absorber layers to reveal their hidden prospects. Determining 

the performance of the Cu/p-Cu2Sn1-xGdxS3/n-CdS/i-ZnO/ITO 

thin film solar cell theoretically before solar cell production al-

ways leads to experimental studies. This study investigated the 

morphology, crystal, optical, and electrical properties of the ef-

fect of Gd element on CTS material. The optimal p-Gd doped 

CTS material was determined, and the solar cell based on this 

material was modeled. Depending on the parameters such as 

interface defect density, acceptor defect density, electron affin-

ity, radiative recombination coefficient, Auger electron capture 

coefficient, series, and shunt resistance, the highest photovol-

taic parameters were determined for the best conditions, and 

the lower ones for the less favourable conditions. The modeled 

Cu/p-Cu2Sn1-xGdxS3/n-CdS/i-ZnO/ITO thin film solar cells 

have been computationally analyzed using SCAPS-1D software 

to explore their potential in advancing photovoltaic technology.

RESULTS AND DISCUSSION

Structural properties

Figure 1 shows the X-ray diffraction (XRD) patterns of the 

Cu2Sn1-xGdxS3 (where x = 0, 0.25, 0.50, and 0.75) annealed at 

500◦C. In addition, the Cu2Sn1-xGdxS3 fabricated at annealing 

temperatures of 500◦C are denoted as CTS-1, CTS-2, CTS-3, 

and CTS-4, respectively. CTS-1, CTS-2, and CTS-3 films ex-

hibited diffraction peaks at around 2θ = 28.44◦, 32.64◦, 38.28◦, 

Figure 1. XRD Analysis 

X-ray diffraction pattern of (A) CTS-1, (B) CTS-2, 

(C) CTS-3, and (D) CTS-4 thin films.

43.20◦, 50.29◦, 58.92◦, and 74.19◦, which 

correspond to the (112), (200), (211), 

(106), (110), (224), and (208) diffraction 

planes, respectively. The intensity of the 

(106) peak belonging to the single covel-

lite phase, a hexagonal crystal structure, 

significantly changed owing to a change 

in the Sn ratio and disappeared in the 

CTS-3 thin film due to the low melting 

point of tin during the annealing process. 

Furthermore, it can be seen from 

Figure 1A that the CTS-1 thin film indi-

cated the typical peak of Cu2SnS3 

emerging at 2θ = 28.44◦ and correspond-

ing to the (112) diffraction plane. It gradu-

ally decreased and vanished. This is 

because the change of Sn becomes 

more severe as the increase in Cu/Sn 

atomic ratio (given in Figures 3A–3D) 

with an annealing effect prevents the for-

mation of phases containing Sn. The for-

mation of this phase can be explained by 

the presence of tin, which undergoes a 

reaction that gives rise to a copper and 

sulfur-rich environment during the an-

nealing process of the obtained thin films. This occurs due to 

the low melting point of tin, leading to the formation of secondary 

phases, including CuS and SnS2. The presence of secondary 

phases in the annealed thin films resulted in a significant change 

in both the peak positions and peak intensities. However, when 

the Gd doping increased to 0.50 (Gd/Sn = 1), the distinctive peak 

of CuS at around 2θ = 43.20◦ vanished, and the Gd/Sn doping 

concentration was more significant than 1, and the CuS peak ap-

peared. It can be concluded that adjusting the tin concentration 

alters the elemental composition of the films, consequently 

affecting the crystallinity of the CTS thin films. The crystallite 

size (D) of CTS thin films is carefully calculated for two prominent 

(112) and (106) peaks by Debye-Scherrer’s formula32;

D =
0:94λ

β cos θ
(Equation 1) 

Where λ is the wavelength of the X-ray diffractometer, θ and β are 

the Bragg diffraction angle and full-width half maximum (FWHM) 

value of XRD peaks, respectively. The value of crystallite size is 

found to be 53.37 and 51.59 nm for (112) orientation for CTS-1 

and CTS-3 thin film, respectively, and 43.30, 50.30, and 

45.87 nm for (106) orientation for CTS-1, CTS-2, and CTS-4 

thin film, respectively. The change in the crystallite size value 

might be due to increased crystallite defects and lattice 

mismatching between the host and dopant ions. Based on 
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FE-SEM images, particle size calculations confirm the changing 

behavior of crystallite sizes. The peak narrowing indicates the 

formation of nanocrystals, and the central peak of any spectrum 

supports that the obtained CTS films have a crystalline nature 

with different crystal orientations. Observing the magnified 

(112) and (110) diffraction peaks confirmed that the position of 

each peak is slightly shifted toward the upper region. This figure 

shows that for the CTS-1 film, the predominant phase is 

Cu2SnS3, which has a cubic structure.33 CTS-3 sample showed 

significant peaks at diffraction peaks at around 2θ = 28.44◦, 

32.64◦, and 38.28◦, which correspond to the (112), (200), and 

(211) diffraction planes, respectively. The peaks in cubic 

Cu2SnS3 had decreased their peak intensity. The intensity of 

the (106) peak belonging to the single covellite phase disap-

peared due to the preference for tin-containing interactions, 

which are influenced by the interaction between tin and other 

materials. From Cu2SnS3 XRD peaks, additional peaks corre-

sponding to the secondary phase, including copper sulfate 

(CuS) (indicated by Δ) and tin sulfide (SnS2) (indicated by #), 

were observed in the diffraction pattern. In the CTS film, the 

CuS secondary phase displays the single covellite phase with 

a hexagonal crystal structure,34 and the CTS-1, CTS-2, and 

CTS-3 samples are a multi-phase containing CuS, SnS2, and 

Cu2SnS3 with a cubic structure.

FE-SEM studies indicate essential information on the 

morphology of the fabricated thin films. It gives crucial insights 

into particle shape, grain size, and topology on the surfaces of 

fabricated thin films. The use of low concentration during 

Cu2Sn1-xGdxS3 (where x = 0, 0.25, 0.50, and 0.75) preparation 

has been associated with the generation of smaller grain 

sizes.35,36 As the Gd/Sn concentration changes, a notable 

change in the surface topology of the obtained CTS films be-

comes clear, as given in Figure 2. Figure 2 illustrates the obtained 

samples produced on glass using the spin coating technique, 

sulfurized at 500◦C sulfur and in an Argon atmosphere. Charac-

teristically, the composition of the obtained samples consists 

of spherical grains and polygonal structures. However, with 

increasing Gd concentration in solution, a pronounced transfor-

mation happens, causing the structure of larger clusters within 

the samples and an essential shift in surface topology. These 

samples exhibit densely packed grain morphology resembling 

nanosheet or flake morphology, indicating that annealing and 

Gd concentration in the solution induce nucleation and introduce 

surface quality modifications.37 The broken and unbroken nano-

sheet structure can be observed clearly, as shown in Figure 2, 

from the samples sulfurized at 500◦C in a sulfurous atmosphere. 

Images obtained by scanning electron microscopy reveal a 

panoramic view of the samples, composed of numerous polyg-

onal and compact nanosheet structures. In this context, the 

agglomeration of Cu2Sn1-xGdxS3 nanoparticles results in pre-

dominant and uniform grain growth. When Gd ratios in a solution 

are higher, crystalline grains are more easily amalgamated, re-

sulting in bigger particles and better uniformity. Consequently, 

the increase in Gd ratio reduces charge concentration and en-

ergy band gap, leading to enhanced device performance.

The atomic percentage of the CTS films is presented in 

Figures 3A–3D. As shown in Figure 3, all obtained thin films 

revealed Sn-poor composition, as targeted. As shown in 

Figure 3, CTS-1, CTS-2, and CTS-3 films indicated a 

changing Cu/Sn atomic ratio between 2.19 and 3.80. The 

difference in the thin films’ Cu/Sn atomic ratio may be attributed 

to Sn-loss resulting from the increasing Gd/Sn doping ratio. The 

S/(Cu+Sn+Gd) atomic ratio was 1.32, 1.21, 1.41, and 1.05 for 

CTS-1, CTS-2, CTS-3, and CTS-4 films, respectively. This ratio 

indicated more than the desired for stoichiometric Cu2SnS3 

thin film. It is believed that the excessive amount of sulfur is 

due to the gradual cooling of the quartz furnace over a long 

period after the high-temperature reaction of CTS samples and 

the enclosed nature of the environment.

Optical properties

UV-vis data collected between 300 and 1100 nm were used to 

examine the absorbance wavelength of all thin films. The absor-

bance-wavelength graphs of all the samples that were vacuum- 

annealed in a quartz furnace for 45 min at 500◦C are displayed in 

Figure 4A. It is apparent from the figure that absorbance is found 

to rise with the increasing Gd doping concentration, mostly 

because of the reduction of the secondary phases. And it could 

be higher than that of the IR region. The absorbance rises with 

the changing Gd/Sn ratio in the solution, mainly because of the 

change in the secondary phases of CuS and SnS2. It should be 

stated that the presence of secondary phases changes the opti-

cal behavior. Gd-incorporated thin films have a lower decreasing 

absorption tendency than the non-doped CTS thin films in the 

visible region.

In contrast, Gd molar concentration increases, non-doped 

particle size increases (Figure 2), and film transparency de-

creases. Thus, the absorption density of these samples in-

creases, as seen from absorbance-wavelength spectra in the 

visible region. It displays the deviation of the energy band gap 

of Gd-added samples from pure CTS samples.

The well-known Taug relationship, which is represented as 

Equation 2, can be used to determine the energy band gap 

(Eg) of the obtained thin film

αhν = A
(
hν − Eg

)n
(Equation 2) 

In this case, hυ represents the incident photon energy, and A is a 

constant. The absorption coefficient in cm− 1 is indicated by the 

constant α. The exponent n, which is equivalent to ½ for allowed 

direct transitions and 2 for allowed indirect transitions, is depen-

dent upon the type of transition. It is commonly known that thin 

films based on CTS have a direct energy band gap, which can be 

computed by applying the n = ½ value.38 The energy band gap of 

the obtained thin film is generated by extrapolating the linear line 

of (αhν)2 
vs. hυ in Tauc plot as indicated in Figure 4B. The energy 

band gap for the obtained samples changed between 2.10 eV 

and 1.50 eV, which is related to the Gd ratio in the Cu2SnS3 so-

lution. Due to the transition to nano-grain size, the high energy 

band gap values in CTS films were seen from the shift toward 

the shorter wavelengths region, which led to enhancing energy 

band gap. As the FE-SEM images display the growth of nano-

sized particles, the quantum confinement effect on the energy 

band gap was ruled out.38 Therefore, these differences in the en-

ergy band values are caused by stoichiometry variations and 
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secondary phases.39 Obtained CTS thin films annealed at high 

temperatures at a quartz furnace increase Sn’s evaporation 

because of its low melting point, and the Sn deficient condition 

results in the formation of another CTS phase. Compared to 

the accepted value of 1.3 eV for CTS film, the values in this study 

are 2.0, 2.05, 2.10 eV, and 1.50 eV, which can be attributed to a 

mixture of SnS2 and CuS secondary phases in the obtained sam-

ples (as seen in XRD). Generally, the secondary phase enhances 

the energy band gap values.40

The great values of energy band gap indicate interesting 

physical behavior, such as increasing the semiconductor en-

ergy gap because of electron confinement, which is charac-

terized by the nanoscale systems,41 or variations in phase 

and stoichiometry rather than the quantum size effect.42 The 

Figure 2. Surface Morphology 

FE-SEM images of (A) CTS-1, (B) CTS-2, (C) CTS-3, and (D) CTS-4 thin films.
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energy band gap of Cu2SnS3 thin films was reported between 

2.00 and 2.23 eV in many studies, and the findings of this 

investigation are compatible with these studies. The low value 

of the energy band in CTS-4, as compared to pure CTS, is 

owing to the tail-like effect. In addition, a further increase in 

Gd/Sn doping concentration resulted in a reduced energy 

band gap. This can be attributed to incorporating Gd3+ ions 

in the CTS lattice, forming donor states within the energy 

band. As the concentration of Gd3+ ions in the CTS lattice in-

creases, these donor states evolve into degenerate levels, 

causing an expansion of the conduction band in CTS, thereby 

reducing the energy band gap. The decrease in the energy 

band gap could be due to the increase in donor density 

when Gd is added to the CTS nanostructures. The reduction 

in the energy band gap may cause the formation of a band- 

tailing effect.

Figure 3. Elemental Mapping 

Elemental mapping of (A) CTS-1, (B) CTS-2, (C) CTS-3, and (D) CTS-4 thin films.
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Electrical properties

The electrical characterization of the CTS samples is measured 

via the Hall effect system along with the van der Pauw technique. 

Table 1 indicates the measured electrical properties of the 

Cu2Sn1-xGdxS3 (where x = 0, 0.25, 0.50, and 0.75) samples pro-

duced on glass substrates by the spin coating. So far, the elec-

trical characterizations of non-doped CTS are given for thin films 

using various fabrication techniques by different research 

groups.23,24 However, this study was carried out at 300 K with 

Gd-incorporated thin films, which will be advantageous in under-

standing the Gd effect in the CTS film. The copper and sulfur 

concentrations stayed constant for all the thin films, and the tin 

and gadolinium concentrations changed throughout the study. 

The hall coefficient of the thin films is found to be positive, which 

indicates p-type conductivity. CTS-1 sample indicates a free 

hole concentration of the order of 1020 cm− 3. After Gd was incor-

porated into thin films, it decreased to 1018 cm− 3 because the 

gadolinium in the CTS solution caused the decrease in the hole 

concentration of the pure Cu2SnS3 film owing to its high melting 

point. However, the increase in Gd concentration in the solution 

did not affect the charge concentration.

Furthermore, changes in the chemical potential can signifi-

cantly impact the charge carrier concentration, which can be 

managed by doping or other techniques.42 The maximum carrier 

concentration and the minimum resistivity value are observed for 

CTS-1 thin film, which can be attributed to the conductive Cu 

Figure 4. Optical Absorption 

(A) Absorbance and (B) Tauc Plot of CTS thin films.

metallic-like phase that likely formed 

because of its Cu and Sn-rich composi-

tion. All the other films (CTS-2, CTS-3, 

and CTS-4), which are determined to 

be Sn-poor, display significantly reduced 

carrier concentration values and higher 

resistivity values compared to the 

CTS-1 thin film. Nonetheless, these 

values of CTS-2, CTS-3, and CTS-4 

thin film in this study are in the region of 

1018 cm− 3, indicating semiconducting 

property. Values measured for CTS-1, 

CTS-2, and CTS-3 thin films are signifi-

cantly lower than CTS-1 (1020 cm− 3), 

and Gd doping concentration in CTS 

makes the thin film suitable for photovol-

taic applications. The co-existence of 

secondary CuS and SnS2 phases, which 

can be characterized as impurity phases 

in the CTS thin films, could contribute to 

the low carrier concentration.

Here, it was seen that with the addition 

of the gadolinium, the film indicates 

elemental tin loss and gives rise to a 

change in the electrical parameters of 

the Cu2SnS3 sample. The resistivity of 

the obtained films changed between 18.15 × 10− 3 Ω-cm and 

50.60 × 10− 2 Ω-cm. This change may be attributed to stoichio-

metric changes. The carrier concentration of the films decreased 

considerably with Gd; the increase in resistivity is attributed to a 

decrease in charge concentration attributed to the exchange of 

Gd3+ ions with Cu2+ ions in the CTS lattice, creating one free 

electron. Srinivasa et al.43 indicated that the charge concentra-

tion, mobility, and resistivity of CTS samples fabricated at 

250◦C are 2.81 × 1021 cm− 3, 1.70 cm2 V− 1S− 1, and 

1.31 × 10− 3 Ω-cm, respectively.

The mobility is increased from 1.19 to 59.83 cm2/VS with 

increased Gd. The increase in mobility value (electron transport) 

with rising Gd is attributed to the structure of non-compact to-

pologies such as voids, pinholes, and grain boundaries 

(Figure 2) and the effects of the energy band gap, leading to a 

change in electrical conductivity.42 Therefore, the observed 

decrease in resistivity and increase in mobility in this study are 

strongly correlated with changes in crystallinity and grain size 

in CTS films.44 The increased crystallinity with increasing Gd 

doping in pure CTS film (Figure 1), owing to the effect of Ostwald 

ripening, causes a decrease in the grain boundaries and a sub-

sequent increase in the value of mobility.45 Thus, it is concluded 

that the electrical properties of the CTS films depend on the rise 

in gadolinium in the CTS. The 1018 cm− 3 and 59.83 cm2/VS 

values are consistent with those calculated for the CuS thin 

film.46 These results can be attributed to the increase in the 
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(106) oriented CuS phase with the rise in the Gd/Sn ratio, as also 

observed in the XRD analysis. The investigated values of this 

study agree with previous research47 and are more appropriate 

for thin-film solar cells.

Solar cell capacitance simulator simulation

A simulation program is needed to verify the efficiency of exper-

imentally produced solar cells or to model a possible solar cell by 

combining the produced semiconductor thin films. SCAPS-1D, 

AMPS-1D, SILVACO, and ATLAS simulation programs are 

used to calculate and verify the potential efficiency of solar cells. 

SCAPS-1D calculates the efficiency of solar cells consisting of 

multiple layers outside of conventional methods.

In this study, Back Contact/p-Cu2Sn1-xGdxS3/n-CdS/i-ZnO/ 

ITO, the solar cell was modeled based on the CTS-4 absorber 

layer with the SCAPS-1D program. SCAPS-1D software solves 

the fundamental semiconductor equations that govern charge 

transport within the material. SCAPS-1D program offers 

grading of all input parameters such as recombination type, 

charge type, defect levels (bulk and interfacial), defect level dis-

tribution containing Gaussian, single level, uniform, or combina-

tions, contact behaviors (flat band or work function), optical 

properties (direct excitation of light). The performances of thin 

film solar cells, including fill factor, open-circuit voltage, and 

short-circuit current density, are significantly impacted by the 

back contact.48 Figures 5A and 5B show the thin-film solar 

cell basic structure and working process of the SCAPS-1D pro-

gram. The physical parameters of the layers forming CTS-4 so-

lar cells are given in Table 2. The file of the absorption coeffi-

cient of the CTS-4 thin film was input into the software 

program.

The program performs the calculation of photovoltaic param-

eters using the following equations (Equation 3):

dγ
dx

= −
d2Ψ
dx2

=
q

ε
[p(x) − n(x) + ND

+
(x) − NA

−

+ pt(x) − nt(x)]

(Equation 3) 

Ψ indicates the electrostatic potential, ε indicates the dielectric 

constant, q is the charge of an electron, n is the concentration 

Table 1. Electrical parameters of CTS-1, CTS-2, CTS-3, and 

CTS-4 films

Sample Eg (eV)

Carrier 

concentration 

(cm− 3)

Mobility 

(cm2/VS)

Resistivity 

(Ω-cm)

CTS-1 2.00 2.88 × 1020 1.19 18.15 × 10− 3

CTS-2 2.05 2.76 × 1018 35.44 12.78 × 10− 2

CTS-3 2.10 6.34 × 1018 18.48 10.66 × 10− 2

CTS-4 1.50 4.12 × 1018 59.83 50.60 × 10− 2

Figure 5. Device Design Overview 

(A) The basic structure of the CTS-4 solar cell, 

(B) the work process of the SCAPS-1D simulation 

program, and (C) the absorption coefficient of the 

CTS-4 thin film.
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of electrons, p is the concentration of holes, NA
− represents 

ionized acceptor density, ND
+ signifies ionized donor density, 

pt and nt represent hole and electron traps, respectively, and x 

is the position coordinate.49

Hole (Equation 4) and electron (Equation 5) continuity 

equations:

dpn

dt
= Gp −

pn − pn0

τp

+ pnμp

dE

dx
+ μpE

dPn

dx
+ Dp

d2pn

dx2

(Equation 4) 

dpp

dt
= Gn −

np − np0

τn

+ npμn

dE

dx
+ μnE

dnp

dx
+ Dn

d2np

dx2

(Equation 5) 

Gn and Gp indicate generation rates of electrons and holes, 

np and pn express the concentrations of electrons and holes 

in the p and n region, respectively, np0 and pn0 indicate 

equilibrium concentrations of holes and electrons in the p 

and n region, respectively, τn and τp state a lifetime of elec-

trons and holes, μn and μp indicate the mobility of electrons 

and holes, respectively, E signifies the electric field, and Dn 

and Dp denote the diffusion coefficient of electrons and 

holes. The carrier transport acquired because of drift and 

diffusion for electrons and holes is stated in Equations 6

and 750:

Jn (x) = qnμnE + qDn

dn

dx
= nμn

dEFn

dx
(Equation 6) 

Jp (x) = qpμpE − qDp

dp

dx
= nμp

dEFp

dx
(Equation 7) 

EFn and EFp represent the quasi-Fermi levels of the electron and 

hole, respectively.

Effect of the conduction band offset (CBO)

The difference between the electron affinities of semiconductors 

determines the conduction band offset (CBO = ΔEC) and 

valence band offset (VBO) that are expressed by Equation 8

and Equation 9:

CBO = ΔEC = χabsorber − χbuffer (Equation 8) 

VBO = (χabsorber + Egabsorber) − (χbuffer + Egbuffer)

(Equation 9) 

The type of barrier at the interface between the absorber and 

buffer layer is of great importance to the performance of solar 

cells. If CBO is positive (χabs > χbuff ), a spike-like barrier is formed, 

and the electrons undergo recombination at the interface51 and 

are prevented from passing to the other side. Thus, the photo- 

generated electrons must utilize kinetic energy to overcome 

the barrier at the hetero-junction interface. CBO is negative 

(χabs < χbuff ), a cliff like barrier occurs, and a small energy separa-

tion occurs between the valence and conduction bands at the 

interface.52 Still, photo-generated electrons gain kinetic energy 

to overcome the barrier.53 However, narrowing the band gap at 

the interface can lead to the recombination of charge carriers 

at the interface.49

In this study, we calculated the photovoltaic parameters for 

the electron affinity of CTS-4 between χ = 4.00 eV and χ = 4.14 

eV (ΔEc = (− 0.2 eV) and (− 0.06 eV)), as seen in Figure 6. For 

ΔEc = − 0.2 eV and − 0.06 eV (for χ = 4.00 eV and χ = 4.14 eV), 

cliff-like CBO occurs formed close to the flat band in Figure 6. 

VBO (− 1.1 eV and 0.96 eV) values are negative and small value 

that results to a cliff band gap which limits the recombination 

of the photo-excited charger carriers at the absorber-buffer 

interface.52 This shows that the semiconductors in the hetero- 

junction are in good alignment.54 As the electron affinity of the 

CTS-4 absorber layer decreases, the conduction band disconti-

nuity decreases and forms a small barrier against photo-excited 

charge carriers.55 The easy transfer of charge carriers causes an 

increase in charge collection and improves efficiency. According 

to Figures 7A–7E, with decreasing electron affinity, all photovol-

taic parameters increased, and an ideal J − V characteristic 

was obtained. χ = 4.00 eV was the optimal value and resulted 

in the highest PV parameters (Jsc = 40:8068 mA=cm2, Voc = 

0:725 mV, FF = 38:10%, η = 11:28%).

The influence of the interface defect density (Nt)

Structural defects, pinholes, dangling bonds in the material dur-

ing thin film production, lattice mismatch, electron affinity 

Table 2. The physical parameters of the layers of the modeled CTS-4 solar cell

Layers for solar cells AZO [17] i-ZnO [18] CdS (Rafee Mahbub et al., 2016) CTS-4

Energy Gap (eV) 3.3 3.3 2.4 1.5 (exp.)

Affinity of electron (eV) 4.6 4.6 4.2 3.7

The permittivity of dielectric (relative) 9 9 10 9.5

States CB effective density (cm-3) 2.20 × 1018 2.20 × 1018 2.20 × 1018 2.20 × 1018

States VB effective density (cm-3) 1.80 × 1019 1.80 × 1019 1.80 × 1019 1.80 × 1019

Thermal velocity of electron/Hole (cm/s) 1.00 × 107 1.00 × 107 1.00 × 107 1.00 × 107

mobility of electron/Hole (cm2/Vs) 100/25 100/25 100/25 100/59.82(exp.)

Density of shallow donor (cm-3) 1.00 × 1020 1.00 × 105 1.00 × 1018 0

Density of shallow acceptor (cm-3) 0 0 0 4.12 × 1018 (exp.)

Thickness of film (nm) 100 100 50 500 (exp.)
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mismatch,56 and band incompatibility between the two semi-

conductors lead to interface defects. Interfacial defect density 

leads to traps that act as recombination centers. Higher defect 

density implies these defect regions capture more electrons.55

In addition, interface defects can cause increased series resis-

tance and low efficiency.57 All photovoltaic parameters were 

changed for Nt <5.108 cm− 3, but these parameters decreased 

for Nt >5.108 cm− 3. According to Figures 8A–8D, when Nt value 

risen from 1.105 cm− 3 to 1.1010 cm− 3, VOC, FF and η values, 

which dropped from 0.7379 V to 0.7253 V, from 40.35% to 

38.10%, and from 12.15% to 11.28%, respectively. However, 

the rise in Nt value did not cause a significant decrease in JSC 

value of the solar cell.

The influence of the acceptor defect density in the 

active layer

Acceptor defects in the semiconductor lattice are factors that 

enhance p-type conductivity. There are the acceptor defects 

that copper vacancies (VCU), Gd occupied VCU in CTS-4 semi-

conductor. In this study, photovoltaic parameters of the solar 

cell were calculated for between Na = 3.18×1010 and 

8.18×1014 cm− 3. With increasing acceptor density, the VOC 

value increment as the saturation current of the device increases 

and photocurrent decreases because of the dominance of the 

recombination of photo generated hole pairs.32,55 It is also ex-

pressed by the Equation 10 that VOC depends on the acceptor 

defect density (p doping density).

Voc =
kBT

q
ln

(
np

n2
i

)

(Equation 10) 

T is the absolute temperature, q is the electron charge, kB is the 

Boltzmann constant, n(p) is the electron (hole) concentration un-

der illumination, and ni is the intrinsic concentration of both elec-

trons and holes.

The p doping concentration (the acceptor defect density) in-

creases, and the hole number rises in the thin CTS film with Gd 

element doping. Increasing the Na value causes the charge car-

rier density to increase in the semiconductor and the depletion 

region charge accumulation development. So, when Na value 

risen from 4.11×1014 cm− 3 to 9.12×1018 cm− 3, VOC, JSC, FF 

and η values, which increased from 0.269 V to 0.759 V, from 

25.31 mA/cm2 to 40.75 mA/cm2, from 24.26% to 41.46%, and 

from 1.65% to 12.83%, respectively. For the Na = 4.12×1018 

cm− 3 of the experimentally produced CTS-4 thin film, VOC = 

0.737 V, JSC = 40.80 mA/cm2, FF = 40.35% η = 12.15%, as rep-

resented in Figures 9F–I.

Effect of the radiative recombination

A photon is emitted as the electron in the conduction band 

moves to the valence band. In this process, the recombination 

of electrons and holes is called radiative recombination.58,59

The radiative recombination (Br) is expressed by Equation 11.

Br =
1

τn or p;radNA or D

(Equation 11) 

Br (cm3

s
) is the radiative recombination coefficient, τn;rad(s) and 

τp;rad(s) which are the radiative lifetime of the electron and the 

hole carriers, respectively.58 In this study, the efficiency of 

CTS-4 solar cells did not change between Br = 10− 17 cm3/s 

and 10− 10 cm3/s, when Br increased from 10− 10 cm3/s to 10− 5 

cm3/s, VOC, JSC, FF and η photovoltaic parameters of the solar 

cell decreased from 0.737 to 0.650 V, from 40.80 mA/cm2 to 

5.11 mA/cm2, and from 12.15% to 1.98%, as seen in 

Figures 9A–9E. According to Equation 11, the increase in Br 

that causes the lifetime or carrier density of the charge carriers 

to decrease, and this reduces the performance of the solar cell.

In solar cells, the high density of photo-excited charge carriers 

at 1.83×1022 (#/cm3.s) is formed in the region close to the deple-

tion region of the p-type absorber semiconductor (x = 500 μm), 

as seen in Figure 10. Since light absorption decreases from the 

depletion region to the back contact region, charge generation 

decreases to 2.12×1021 (#/cm3.s) (x = 0 μm). When Br was 

increased from 10− 10 cm3/s to 10− 9 cm3/s, radiative recombina-

tion at the side of the depletion region increased from 8.77×1021 

(#/cm3.s) to 1.45×1022 (#/cm3.s). Since this recombination rate 

remained below the charge formation, J − V characteristic did 

not change significantly, as seen in Figure 10E). After Br = 10− 9 

cm3/s (between 10− 8 and 10− 5 cm3/s), photovoltaic perfor-

mance deteriorated significantly as the recombination rate ex-

ceeded the charge generation, as seen in Figures 10C–10F.

Effect of the Auger electron recombination

The electron and hole recombine in the absorber semiconductor 

and release energy. This energy is transferred to electrons and 

holes without radiation, allowing them to adapt to higher energy 

states. This event is called Auger recombination (non-radiative 

process). Auger recombination coefficient is stated using 

Equation 1259:

Figure 6. Negative CBO leads to cliff like barrier
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BAuger;n or p =
1

τn or p;radN2
A or D

(12) 

This study calculated photovoltaic parameters depending on 

the Auger recombination coefficient between 10− 26 cm6/s and 

10− 16 cm6/s. All parameters showed a significant change up 

to 10− 23 cm6/s. When the Auger recombination coefficient 

increased from 10− 23 cm6/s to 10− 16 cm6/s in Figure 11, VOC, 

JSC, and η photovoltaic parameters of the solar cell decreased 

from 0.737 to 0.666 V, from 40.80 mA/cm2 to 7.83 mA/cm2, 

and from 12.15% to 3.31%, respectively. According to 

Figure 11, while the J − V characteristics are close to each other 

at 10− 24 cm6/s and 10− 22 cm6/s, there is a significant deteriora-

tion in the J − V curves after BAuger;n 10− 20 cm6/s.

According to the characteristic in Figure 11, for BAuger = 10− 24 

cm6/s, the amount of the recombination of the charges is 

relatively low compared to the charge generation. For 

BAuger = 10− 22 cm6/s and above, the photovoltaic performance 

and, therefore, J − V curve deteriorated as the amount of the 

recombination of the charges exceeded that of generation.

Effect of the defect density in the absorber layer

The strain of the absorber’s thin film, the formation of pinholes 

and cracks, and the number of grain boundaries lead to the for-

mation of defects and traps and reduce the lifetime of the car-

riers. Thus, the stability of the thin film decreases, and the degra-

dation rate increases. As the degradation rate increases, the 

defect density rises, which may cause Shockley-Read-Hall 

recombination (SRH) to dominate in the absorber layer.60 The 

SRH model can express the effect of defect density. Electrons 

pass between bands through new energy states (localized 

states) formed in the band gap by defects. These energy states 

are referred to as SRH trap-assisted recombination.61

R =
np − n2

i

τp

(

n+NCe

(
Eg − Et

)

kBT

)

+τn

(

p+NVe

(Et)

kBT

)
(Equation 13) 

p and n are the concentrations of the mobile holes and elec-

trons. Et refers to the energy level where trap defects are 

located. Defect density is denoted in Equation 14 gives infor-

mation about the carrier recombination rate (R).62 τn;p express 

the lifetime of the electrons and holes, which can be obtained 

using Equation 1363:

τn;p =
1

σn;p:νth:Nt

(Equation 14) 

σn;p is capturing the cross-section area of the electrons and 

holes. Nt is the density of the trap defect and νth is the thermal 

velocity. The relation between the lifetime and the diffusion 

length is defined by Equation 1563:

Figure 7. Electron Affinity Effect 

(A) VOC, (B) JSC, (C) FF, (D) η photovoltaic param-

eters, and (E) J − V characteristics depending on 

the electron affinity (χ).
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Ln;p =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
μn;pkBT

q
τn;p

√

(Equation 15) 

μn;p is the electron and hole mobility, and q is the carrier charge. 

The equations show that the increase in the defect density in the 

semiconductor causes the recombination of the carrier charges, 

reducing the carrier lifetime and decreasing the performance of 

solar cells.62,64 According to Figures 12A–12D, there was no sig-

nificant change in the photovoltaic parameters from Nt = 1.108 to 

3.1013 cm− 3 value. However, after 3.1013 cm− 3 value, although 

FF values increased, and a decrease was observed in another 

photovoltaic parameter. When Nt was risen from 5.1013 cm− 3 

to 1.1017 cm− 3, VOC, JSC, and η parameters, which decreased 

from 0.7379 V to 0.7377 V, from 40.80 mA/cm2 to 38.94 mA/ 

cm2, and from 12.15% to 11.91%, respectively, as given in 

Figure 12E. The defects present in the absorber semiconductor 

act as recombination points for electron and hole pairs. As the 

density of defects increases, minority charge carriers undergo 

recombination, thus reducing their diffusion length and lifetime. 

This leads to a decrease in VOC, JSC, and η values.

According to the generation/recombination-position graph 

of the active layer cell for the defect density (Nt) in the absorber 

layer between 1014 cm3 and 1017 cm3, shown in Figure 12, the 

amount of SRH recombination is lower than the amount of 

the generation up to Nt = 1016 cm− 3, and the J − V curve 

does not show an evident change in Figure 12E). However, 

Figure 8. Defect-Level Influence 

(A) VOC, (B) JSC, (C) FF, (D) η photovoltaic parameters, (E) J − V characteristics depending on the Nt and (F) VOC, (G) JSC, (H) FF, (I) η photovoltaic parameters, and 

(J) J − V characteristics depending on the shallow acceptor density (Na).
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for Nt = 1017 cm− 3, the SRH recombination rate was high and 

negatively affected the photovoltaic performance between 

x = 0.1 μm and 0.4 μm range. Nt increases, the diffusion length 

(Ln) of the minority charges carrier decreases and their lifetime 

(τn) decreases, as seen in Figure 13 and Table 3. In particular, 

when N increased from 1013 cm− 3 to 1017 cm− 3, Ln and τn 

decreased from 5.1 × 101 μm to 5.1 × 10− 1 μm and from 104 

ns to 10◦ ns, respectively. This reduced the charge accumula-

tion in the solar cell and all photovoltaic parameters.

Operating temperature effects

The operating temperature has a significant impact on the 

performance of solar cells. As seen in the Figures 12F–12I, 

when the temperature was increased from 200 K to 400 K, 

VOC, JSC, and efficiency decreased, but FF increased. With 

the increasing temperature, the intrinsic carrier concentration 

is higher, and the semiconductor band gap is reduced. Thus, 

to the reverse saturation current density augmentation, 

there is a decrease in VOC. The narrowing of the band gap 

(negative dEg =dt) with increasing temperature accelerates 

the recombination of electron-hole pairs between the conduc-

tion and valence bands of the semiconductor a, increasing 

the dark current in the solar cell.65 The relationship between 

the energy band gap of the semiconductor, the operating 

temperature, and VOC value is expressed by the following 

equation.64

Figure 9. Recombination Dynamics 

(A) VOC, (B) JSC, (C) FF, (D) η photovoltaic parameters, (E) J − V characteristics depending on the radiative recombination coefficient (Br ), (F) VOC, (G) JSC, (H) FF, 

(I) η photovoltaic parameters, and (J) J − V characteristics depending on the Auger electron capture coefficient
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d(Voc)

dT
=

(

Voc −
Eg

q

)

T
(Equation 16) 

The increase in temperature imparts thermal energy to the elec-

trons, and the electrons become thermally excited. Thus, elec-

trons move quickly to the conduction band, causing an indirect 

reduction in the band gap. According to Equation 16, as the tem-

perature increases, the band gap and VOC value decrease.

In addition, as the thermal energy increases, the interatomic vi-

bration frequency increases and grows in the interatomic space. 

Increasing the interatomic space causes the potential energy of 

the electron to decrease and, therefore, the energy band gap to 

decrease.66 Increasing temperature results in stress and strain 

formation, enhancing the interface defects.67 Hence, the inter-

layer connections weaken. Defect formations at the interface 

lead to recombination formations and decreased diffusion 

length. This results in an almost linear decrease in VOC and 

efficiency.68

Series and the shunt resistance effects

The most common parasitic resistances of solar cells are the se-

ries (Rs) and the shunt resistance (Rsh). Rs refers to the resistance 

between the metal contact and the semiconductor, the resis-

tance resulting from current movements between the two layers, 

and other internal resistances. Furthermore, the surface strain, 

grain boundaries, interface traps, and thin film surface resistance 

lead to Rs. Defects that occur during production, pinholes or 

crack formations, losses due to alternating current paths, and 

leakage current in the joint area cause Rsh resistance. The effect 

of Rs and Rsh resistances on photovoltaic parameters can be ex-

pressed with the Equation 17:

Figure 10. Generation/Recombination-Position (x) characteristic of CTS-4 solar cell for the radiative recombination coefficients (Br ) be-

tween10− 10 cm3/s-10− 5 cm3/s
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I = Iph − Io

[

exp

(
q(V+IRs)

nkT

)

− 1

]

−
V+IRs

Rsh

(Equation 17) 

I is out current, Iph is the light-generated current, Io is the satura-

tion current, q is the elementary charge, V is the voltage, n is the 

ideality factor, k is the Boltzmann constant, and T is the 

temperature.

In this theoretical study, Rs was changed from 8 Ω cm2 to 

8 × 10− 4 Ω cm2, the value of Rsh was changed from 

4 × 101 Ω cm2 to 1 × 108 Ω cm2. While the decrease in Rs 

resistance did not cause a significant change in the VOC, 

parameter, but JSC, FF and efficiency parameters increased, 

as seen in Figures 14A–14D. High series resistance may have 

reduced the JSC value because it prevented the movement of 

charge carriers.68 In addition, it should be noted that the photo-

voltaic parameters are fixed between 8 × 10− 2 Ω cm2 and 

8 × 10− 4 Ω cm2 series resistance values. When Rs was 

reduced from 101 Ω cm2 to 8 × 10− 4 Ω cm2, JSC, FF and 

η parameters, which augmented from 40.80 mA/cm2 to 

40.96 mA/cm2, from 40.35% to 84.46% and 12.15%–25.28%, 

respectively. With the increase in shunt resistance, the current 

passing through the shunt (or any parallel shunt) decreases, 

and this causes an increase in JSC and VOC, values. The higher 

Rsh that increases VOC, and FF values as seen in Figures 14F– 

14I. For infinite Rsh, the output voltage can be expressed by the 

following equation:

V =
kT

q
ln

(
Isc

Io
+ 1

)

(Equation 19) 

Reverse saturation current negatively affects the output 

voltage. Equation 19 explains this logic mathematically. I0 

There is evidence of a leakage current across the junction re-

gion due to faults occurring during thin film production.67

Therefore, all photovoltaic parameters of the solar cell were 

reduced with the decrease the Rsh as seen in Figures 14F– 

14L. As a result, for Rs = 8 × 10− 4 Ω cm2 and Rsh = 

8 × 104 Ω cm2, the solar cell exhibited the most improved 

photovoltaic performance.

Back contact materials

The Figures 15A–15E shows the calculated efficiency values 

and J − V characteristics depending on the back contact ma-

terials with work functions between 4.50 eV and 5.00 eV. It has 

been observed that there is a significant increase in the effi-

ciency of thin film solar cells with the rise of the work function, 

as seen in Table 4. If ΦM > ΦS for p-type semiconductors, the 

back contact exhibits ohmic behavior. Among W (ΦW = 4;50 

eV), Ag (ΦAg = 4; 57 eV) Mo (ΦMo = 4; 60 eV), Cu (ΦCu = 4;65 

eV) contact materials, Cu back contact shows slightly more 

ohmic behavior for p type Gd doped CTS (ΦGd − CTS = 4:65 

eV) semiconductor. For a lower metal work function, the 

Schottky barrier forms between the metal and semiconductor 

Figure 11. Generation/Recombination-Po-

sition (x) characteristic of CTS-4 solar cell 

for the Auger electron recombination coef-

ficients (BAuger) between10− 24 cm6/s-10− 19 

cm6/s
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and blocks the transition to the hole.56 Due to band bending at 

the metal and semiconductor interface with the increase of the 

work function,60 the barrier height between the semiconductor 

and the contact material decreases, making the hole (primary 

charge) the transition from the semiconductor to the back con-

tact easier.69,70 Therefore, an ideal charge transfer is acquired 

in the rear contact area, which improves photovoltaic 

performance.

Dielectric constant effects

The dielectric permittivity (εr ) of the active layer (absorber layer) 

that relates to the composition of the absorber layer and the 

environment temperature. According to Poisson, the higher an-

nealing temperatures differential equation ∇2Φ = higher an-

nealing temperatures, the majority of carrier charges in the 

active layer are consumed, forming a significant potential in 

the depletion region and thus limiting the recombination of 

the charges.71 Due to a stable built-in potential, the reduction 

in SRH recombination determines the improved performance 

of the solar cell. The large εr causes a small decrease in the 

electrical field, which weakens the separation of charge carriers 

and causes them to recombine. In this case, with an increase in 

the dielectric permittivity, the efficiency of the thin film solar cell 

is decreased, which is proven in this study, as seen in 

Figures 15F–15I. According to the calculations between εr = 4 

eV and 16 eV, the solar cell with photovoltaic parameters of 

Figure 12. Temperature-Defect Interplay 

(A) VOC, (B) JSC, (C) FF, (D) η photovoltaic parameters, (E) J − V characteristics depending on Nt (cm− 3) in the CTS-4 absorber layer and (F) VOC, (G) JSC, (H) FF, (I) 

η photovoltaic parameters, and (J) J − V characteristics depending on the operating temperature.
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Voc = 0.7885 eV, Jsc = 41.09 mA/cm2, FF = 85.30% and η = 

27.3% exhibited the highest performance for εr = 4 eV. Howev-

er, as can be seen in Figure 15L, there is no significant change 

in photovoltaic parameters with the increase in εr parameter. 

In this study, the effect of Gd element on the morphology, 

crystal, optical and electrical properties of CTS material 

was investigated. As a result, the optimal Gd-doped CTS 

material was determined, and the solar cell based on this ma-

terial was modeled. Depending on the parameters such as 

interface defect density, acceptor defect density, electron affin-

ity, radiative recombination coefficient, Auger electron capture 

coefficient, series, and shunt resistance, the highest photovol-

taic parameters were determined for the best conditions and 

the lower ones for the less favourable conditions. These results 

are consistent with many studies reported in the litera-

ture.66,72–74

Figure 13. Generation/Recombination-Po-

sition (x) characteristic of CTS-4 solar cell 

for the defect density in the absorber layer 

between 108 cm− 3 and 1017 cm− 3

Conclusions

This research focused on synthesizing 

Gd-doped CTS thin films using the spin 

coating. It evaluated the comprehensive 

impact of the Gd/Sn doping ratio on 

their crystallographic, optical, structural, 

and electrical properties, as well as 

photovoltaic performance. Initially, the 

predominant cubic phase (112) identi-

fied in the CTS-1 film underwent a signif-

icant transformation with an increased 

Gd/Sn doping ratio, leading to the 

disappearance of the (112) peak and 

the emergence of dominant CuS peaks. 

The value of crystallite size is found to 

be 53.37 and 51.59 nm for (112) orienta-

tion for CTS-1 and CTS-3 thin film, 

respectively, and 43.30, 50.30, and 

45.87 nm for (106) orientation for 

CTS-1, CTS-2, and CTS-4 thin film, 

respectively due to an increase in crys-

tallite defects and lattice mismatching 

between the host and dopant ions. The 

morphology of the CTS films varied 

from spherical grains to polygonal struc-

tures. Increased Gd concentration in the solution notably 

induced the formation of larger clusters and a substantial alter-

ation in the surface topology of the films. Cu/Sn atomic ratio is 

changed between 2.19 and 3.80. The difference in the thin 

films’ Cu/Sn atomic ratio may be attributed to Sn-loss resulting 

from the increasing Gd/Sn doping ratio. The energy band gap 

values observed: 2.00, 2.05, 2.10, and 1.50 eV, suggest the 

presence of SnS2 and CuS secondary phases. In terms of elec-

trical properties, the initial free hole concentration of approxi-

mately 1020 cm− 3 in the CTS-1 sample decreased to around 

1018 cm− 3 upon Gd doping, attributed to the high melting point 

of the Gd-doped CTS solution reducing the hole concentration 

in pure Cu2SnS3 films. The resistivity of the obtained films 

changed between 18.15x10− 3 Ω-cm and 50.60x10− 2 Ω-cm. 

We also modeled a Cu/p-Gd doped CTS/n-CdS/i-ZnO/ITO 

thin film solar cell configuration using the SCAPS-1D software, 

Table 3. Electron/Hole diffusion Length, Electron/Hole lifetime depending on the defect density in the absorber layer

Nt (cm− 3) Electron diffusion Length (Ln) (μm) Hole diffusion Length (Lp) (μm) Electron lifetime (τn)(ns) Hole lifetime (τp)(ns)

1013
5.1×101 3.9×101 104 104

1014 1.6×101 1.2×101 103 103

1015 5.1×100 3.9×100 102 102

1016 1.6×100 1.2×100 101 101

1017 5.1 × 10− 1 3.9 × 10− 1 100 100
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observing a cliff-like conduction band offset at the interface. 

The CTS-4 thin film solar cell showcased superior photovoltaic 

performance, characterized by parameters including an inter-

face defect density Nt <5.108 cm− , acceptor defect density 

Na = 4.12×1018 cm− 3 in the absorber layer, radiative recombi-

nation coefficient Br < 10− 9 cm3/s, Auger recombination coef-

ficient BAuger < 10− 20 cm6/s, defect density in the absorber 

layer Nt <3.1013 cm− 3, series resistance Rs = 8 × 10− 4 Ω 
cm2, shunt resistance Rsh = 8 × 104 Ω cm2, a work function 

of the back contact (copper) at 4.65 eV, and a dielectric con-

stant εr = 4 eV. Firstly, for χ = 4.00 eV electron affinity, PV 

parameters are Jsc = 40:8068 mA=cm2, Voc = 0:725 mV , 

FF = 38:10%, η = 11:28%. Then, these optimized conditions 

yielded exceptional photovoltaic parameters, achieving an 

open-circuit voltage of 0.7885 eV, short-circuit current density 

of 41.09 mA/cm2, fill factor of 85.30%, and an efficiency (η) 

of 27.3%. This detailed investigation elucidates the transforma-

tive effects of Gd doping on CTS thin films and paves 

the way for enhancing photovoltaic technologies through 

optimal material and interface engineering. As a result of this 

study, a design guideline on how to utilize a CdS layer in con-

ventional CTS solar cells is provided that will enhance perfor-

mance and reduce absorption material costs significantly. 

Based on current findings, it is suggested that it may be 

Figure 14. Resistance Effects 

(A) VOC, (B) JSC, (C) FF, (D) η photovoltaic parameters, (E) J − V characteristics depending on the Series resistance (Ω.cm2), (F) VOC, (G) JSC, (H) FF, (I) η 
photovoltaic parameters, and (J) J − V characteristics depending on Shunt resistance (Ω.cm2).
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possible to fabricate a low-cost thin-film solar cell based on 

CTS shortly.

Limitations of the study

This study, while comprehensive, has certain limitations that 

should be considered. The spin coating technique, although 

low-cost and simple, may not ensure uniformity and reproduc-

ibility across large surface areas, which could limit scalability 

for industrial applications. The investigation was confined to 

a specific range of Gd/Sn doping ratios, and the results may 

not fully represent the effects of broader compositional varia-

tions. Furthermore, the electrical and photovoltaic character-

izations were based on simulation data without experimental 

validation under operational conditions. Aspects such as 

interfacial quality, thermal stability, and environmental dura-

bility were not addressed in this work. These factors should 

be further explored to strengthen the practical relevance of 

the findings.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study does not include animals, human participants, plants, microbe strains, cell lines, primary cell cultures.

METHOD DETAILS

This study fabricated Cu2Sn1-xGdxS3 (where x = 0, 0.25, 0.50, and 0.75) on soda-lime glasses (SLGs) using the spin coating depo-

sition method. The precursor solution comprised 0.719 g of copper(II) acetate (Cu(CH3COO)2⋅H2O), 0.450 g of gadolinium(III) chloride 

(GdCl3⋅6H2O), 0.542 g of tin(II) chloride dehydrate (SnCl2⋅2H2O), and 0.228 g of thiourea (CH4N2S), prepared under optimized con-

ditions. Each chemical was separately dissolved in a mixture of absolute ethanol (≥ 99.5%) and acetic acid (glacial) and stirred 

magnetically for 6 hours at room temperature on a magnetic stirrer. During the preparation of solutions, thiourea solution was poured 

into copper(II) acetate solution, then the corresponding amount of gadolinium(III) chloride solution was added to thiourea/copper(II) 

acetate solution, and finally, tin(II) chloride dehydrate was added. 0.1 ml triethanolamine was dropped into the mixed solution to 

adjust the pH value. This mixture was then stirred for an additional 60 min at room temperature until a homogeneous, clear solution 

was achieved.

Before deposition, the SLGs were cleaned thoroughly by boiling in a mixture of H2O, NH3, and H2O2 at 105◦C, followed by a similar 

treatment with H2O, H2O2, and HCl, to remove any remaining impurities. The SLGs were then rinsed in deionized water for 10 minutes 

and air-dried. The final solution was fabricated onto the SLGs via spin coating at 1500 rpm for 70 seconds. Each layer was preheated 

to 220◦C for 10 minutes before adding the next layer. This deposition process was repeated twelve times. Finally, the samples were 

annealed using 50 mg sulfur in an N2 atmosphere at 500◦C in a quartz furnace. The obtained sample names are CTS-1, CTS-2, 

CTS-3, and CTS-4 for Cu2SnS3, Cu2Gd0.25Sn0.75S3, Cu2Gd0.5Sn0.5S3, and Cu2Gd0.75Sn0.25S3, respectively.

This study investigated the effect of various Gd doping concentrations on CTS crystallite and their morphological, optical, and elec-

trical properties. Panalytical/Empyrean X-ray diffraction was used to characterize the crystalline properties of CTS samples that were 

systematically annealed at 500◦C sulfur atmosphere for 60 min. ZEISS Geminisem 500 FESEM and Energy Dispersive X-ray spec-

troscopy (EDX) attached to the FESEM were used to determine the surface morphology of CTS samples. A Shimadzu UV-3600 Plus 

spectrophotometer examined the CTS thin film energy band gap and absorbance between 1100 and 300 nm. The electrical prop-

erties of the CTS samples were investigated at room temperature using an HMS 3000 Hall effect measurement system. To measure 

the electrical conductivity of the samples, a four-probe method was applied to an area of approximately 1.5 × 1.0 cm2. Contacts 

were made with silver paste on the surface of thin films, maintaining a point-to-point distance of about 0.5 cm.

QUANTIFICATION AND STATISTICAL ANALYSIS

We used the SCAPS-1D software to calculate the solar cell parameters.

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

soda-lime glasses Sigma-Aldrich Cat# 3010001

copper(II) acetate Sigma-Aldrich Cat# 308173 or CAS: 6046-93-1

gadolinium(III) chloride Sigma-Aldrich Cat# 449598 or CAS: 13450-84-5

Tin(II)choloride Sigma-Aldrich CAS# 7772-99-8

thiourea Sigma-Aldrich Cat# T8656 or CAS: 62-56-6

absolute ethanol Merck Cat# 32221 or CAS: 64-17-5

acetic acid (glacial) Merck Cat# 100063 or CAS: 64-19-7
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